This study of the effects of fluorine addition to silicon oxycarbide dielectric barrier was prepared by using SiF 4 , 4MS, and CO 2 as precursors, then reacting in the plasma enhanced chemical vapor deposition system. The addition of fluorine into silicon oxycarbide results in a 50% reduction of effective oxide charges compared with the fluorine-free silicon oxycarbide films. It also improves the dielectric constant, leakage current and breakdown voltage of the bulk film. © 2007 The Electrochemical Society. ͓DOI: 10.1149/1.2431243͔ All rights reserved. As feature sizes scale down to several tens of nanometers, interconnect schemes are increasingly dominated by copper and low dielectric constant materials to reduce resistance and capacitance.
As feature sizes scale down to several tens of nanometers, interconnect schemes are increasingly dominated by copper and low dielectric constant materials to reduce resistance and capacitance. 1 This trend includes the introduction of an etch stop and a dielectric barrier against copper diffusion. [2] [3] [4] [5] In 0.13 m processes and beyond, a barrier of nitrogen-containing silicon carbide ͑SiCN, ϳ 5.0͒ has been used to replace the common nitride barrier ͑ ϳ 7.0͒. 6, 7 Recently, oxygen-containing SiCO has been a candidate to replace SiCN as the next-generation dielectric barrier because it does not contain nitrogen and has a lower dielectric constant ͑ Ͻ 4.5͒. 8, 9 Furthermore, fluorine-doped silicon oxide glass ͑FSG͒ dielectric has demonstrated better electrical properties and breakdown field strength because of its composition and configuration. 10 The presence of fluorine in the oxide decreases the polarization and hydrogen content of the dielectric, thus reducing the dielectric constant and leakage current. Several studies have found that fluorinated amorphous carbon ͑a-C:F͒ formed in the PECVD system has a lower dielectric constant. 11, 12 Those studies have focused on how to introduce fluorine to decrease the dielectric constant, but do not mention doping the copper cap layer for leakage current improvement. This study is the first in which the copper cap layer was fluorine doped, after the chemical mechanical polishing ͑CMP͒ process, to create a dielectric barrier.
Experimental
SiCOF films were deposited on 12-in. p+ Si͑100͒ wafers using a Novellus plasma-enhanced chemical vapor deposition ͑PECVD͒ system with a tetramethylsilane ͑4MS͒, CO 2 , and SiF 4 precursors. After connecting a 13.6 Mhz radio-frequency ͑rf͒ power source to the top of the PECVD system chamber, SiF 4 was reacted with 4MS and CO 2 in the chamber to form the SiCOF films. During the process, the substrate temperature was maintained at 400°C, total process pressure was 2 Torr, and the rf power was fixed at 1500 W.
Capacitance-voltage ͑C-V͒ and current-voltage ͑I-V͒ curves were generated by taking measurements on an metal-insulatorsemiconductor ͑MIS͒ structure ͑1 kÅ thick, final Al dot diameter 0.086 ± 0.004 cm. Prior to measurement, the MIS structures were annealed in N 2 for 30 min at 300°C ͑pressure = 10 −5 Torr͒. The C-V curves were measured using an HP4284 LCR meter sweep voltage −20 to 20 V, forward and backward scanning at 1 MHz in 0.5 V/s increments. The I-V curves were generated with a Keithly 2400 Digital SourceMeter ͑sweep voltage 0 to − 150 V in 0.5 V/S increments͒. The thermal stability of the fluorine in the films was evaluated using secondary ion mass spectroscopy ͑SIMS͒ with a structure configured as follows: Al ͑50 nm͒/SiCOF ͑100 nm͒/Cu ͑200 nm͒/Si ͑an Al top layer was used for signal identification͒. These structures were annealed in N 2 for 90 min at 450°C ͑pressure = 10 −3 Torr͒. The line-to-line voltage breakdown of the copper interconnect was measured using a comb capacitance structure with line width/ space dimensions of 0.11/0.11 m. The breakdown voltage was defined as leakage current in excess of 1 ϫ 10 −6 A as the voltage swept from 0 to 150 V. A total of 72 dies were measured in one experimental trial.
Results and Discussion
When using an SiF 4 flow rate of 1200 sccm for film deposition, the dielectric constant was 4.55 for fluorine-free SiCO and 4.05 for the SiCOF film. Figure 1a shows C-V curves for SiCO and SiCOF, along with the hysteresis effects for measurements at 1 MHz. The C-V curves shift to negative about the voltage axis, which indicates the presence of positive charges at the dielectric silicon interface. 14 The effective oxide charge density ͑Q 0 ͒ at the interface can be calculated from the relationship Q 0 = −C OX V FB /q, where C OX is the oxide capacitance per unit area and q is the magnitude of electron charge. The Q 0 values for SiCO and SiCOF were 1.15 ϫ 10 12 cm −2 and 6.69 ϫ 10 11 cm −2 , respectively. Furthermore, both films show hysteresis effects for the C-V measurement at 1 MHz, as well as counterclockwise hysteresis characteristics. Hysteresis was measured at 1.2 V for SiCO and 0.3 V for SiCOF. Such phenomena could occur due to the presence of the unsaturated bonds or vacancies in the dielectric. The addition of fluorine changes the properties of SiCO and decreases the hysteresis. Many reports presume that the fluorine atoms and ions formed by SiF 4 ionization in the plasma not only etch the film, but also remove the weak bonds such as Si-H, Si-OH, or defect-related bonds, leaving the more stable Si-F bonds. 15, 16 The bonding energy is higher for Si-F than Si-C and Si-H in the film. 17 The characteristic I-V curves of the MIS structures on both films show that fluorine-doped SiCOF has a lower leakage current than undoped SiCO in the same electrical field ͑Fig. 1b͒. The breakdown voltages of the MIS structure are 9.1 and 7.7 MV/cm for SiCOF and SiCO, respectively. Compared to SiCO, carrier transport is more difficult in SiCOF because the fluorine-doped film has fewer electron-trapped sites. 18 It has been reported that exposing a copper-FSG substrate to a high-temperature cycle would result in copper dewetting or cause the copper to react with the dielectric. 19 SIMS profiles were used to compare the stability of SiCOF before and after a high-temperature anneal ͑450°C for 90 min͒. Figure 2 shows that there is good fluoz E-mail: ylwang@tsmc.com ride stability, and that the thermal cycle did not appear to affect the copper ͑the pre-and post-anneal copper profiles are essentially identical͒. Figure 3 shows a TEM image of the SiCOF cap layer on the copper ͑Fig. 3a, an SiCOF spectrum generated through energy dispersive X-ray ͑EDX͒ spectroscopy ͑Fig. 3b͒, and an EDX spectrum of SiCO ͑Fig. 3c͒. The TEM image shows no evidence of any postanneal interactions at the cap layer-dielectric interface. The fluorine is stable in the SiCOF, with no segregation or outgassing as occurs 
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with FSG. 20 The breakdown voltage characteristics for the structure with a 50 nm SiCOF cap layer resemble those for corresponding nitrogen-doped silicon carbide structures after a 400°C annealing cycle. This indicates the superior thermal stability of Cu damascene interconnects under the current thermal and etching conditions.
The breakdown voltages for both the SiCOF and SiCO cap layers were measured using comb structures with width/space dimensions of 0.11/0.11 m and a 1 cm line length. Figure 4 shows the probability plot for SiCOF, along with that of SiCO for comparison. The breakdown voltages of devices with the fluorinated film range from 49 to 62 V; the range is 40 to 49 V for devices with a SiCO cap layer. The average breakdown voltage with the fluorinated SiCOF cap layer was 55.6 V, 13.4 V higher than the average value for the SiCO-capped device ͑42.2 V͒. This indicates that fluorine doping of the SiCO causes an overall upward voltage shift, improving the line-to-line breakdown voltage significantly. This is the most promising effect of fluorinating the SiCO, which also improves the film quality by reducing the number of dangling bonds in the film and minimizing dielectric damage after CMP. Electron migration across the cap-dielectric interface is more difficult with SiCOF than it is with fluorine-free SiCO. Conclusion Fluorination of a PECVD-prepared SiCO film creates a dielectric barrier with fewer unsaturated bonds and helps minimize the number of interface dangling bonds in the film after CMP. The fluorine enhances the film's electrical properties, resulting in a SiCOF cap layer that has higher breakdown voltage and lower leakage current compared to undoped SiCO in copper interconnect schemes. 
